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ABSTRACT

Measurements of neutron elastic and inelastic

scattering and gamma-ray production have been made on several

elements with 9.0 and 11.0 MeV incident neutrons. Differential

cross sections for N, 0, Al, Si, Ca and Fe are presented and

integral cross sections derived from the data are also given.
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1. INTRODUCTION

Numerical values of neutroL elastic and inelastic cross

sections and gamma-ray production cross sections for N, 0, 1I,

Si, Ca and Fe have been measured at neutron energies of 9 and 11

MeV. The work reported here represents essentially an extension

of work accomplished previously under this contract.1 Neutron

measurements were made at laboratory angles between 300 and 1250

whereas the gamma-ray measurements were made only at 55°. All

data were obtained at the Tandem Accelerator Facility of the Los

Alamos Scientific Laboratory. Data were accumulated in the labora-

tory's SDS Sigma 7 computer and stored on magnetic tape for future

manipulation. Also, printouts and plots of the data were trans-

ported to the Texas Nuclear facility for data reduction and analysis.

Considerable help and advice were received from members

of the LASL staff during the performance of these experiments.

We extend out appreciation to the LASL staff and in particular

would like to acknowledge the help of Phil Young, Graham Foster,

Darrell Drake, John Hopkins and Jim Martin,especially in the early

stages of the experiment; and of Dick Woods, Jules Levin and

Martin Kellogg and many others for their continuous assistance

during all stages of the work.



2. NEUTRON MEASUREMENTS

2.1 DATA ACQUISTION

Fig. 1 shows a simplified schematir Iiagram of the

sample detector geometry and basic data acquisition system used

in the experiment. The LASL tandem Van de Graaff was used to

provide pulsed (2.5 MHz) and bunched (-= 1 nsec FWHM) bursts of

protons to a tritium gas cell where neutrons were produced by

the T(p,n) 3He reaction. The neutrons were detected with an or-

ganic scintillator detector incorporating neutron-gamma discrimi-

nation. Conventional time-of-flight techniques were used to im-

prov-I- ackground effects and to separate neutron groups.

The neutron detector consisted of a 12.5 cm diameter,

5 cm thick NE-213 liquid scintillator optically coupled to a

58 AVP photomultiplier connected to a Nuclear Enterprises NE 5553A

pulse-shape discriminator assembly. The detector assembly was

housed in a 2 inch thick lead sleeve surrounded by a massive bo-

rated polyethylene shield which could be rotated about the scatter-

;ng sample. Fig. 2 shows the detector geometry and :he additional

shielding and shadow bars used to reduce the backgrounds. A

gamma-ray absorber consisting of a 1.38 cm lead disc (shown di-

rectly in front of the liquid scintillator) was required to

reduce the count rate in the detector.

Physical restrictions at the experimental site prevented

2



the use of long flight paths. The neutron flight path between

the scattering sample and the detector was maintained at 220 cm

throughout the experiment. The time resolution of the detector

system for elastically scattered neutrons was of the order of

3 nsec or 1.5 MeV FWHM. Under these conditions it was not possi-

ble to resolve the inelastic neutrons scattered from the lowest

excited states of aluminum or iron.

Measurements were made in good geometry with cylindrical

scattering samples of about 2.5 cm diameter and 4 cm length. The

detailed descriptions of the individual samples used are given in

the discussion section. The neutron-source-to-sample distance

useC for the measurements was of the order of 10 cm.

The neutron flux incident on the scattering samples was

monitored with both a neutron time-of-flight monitor and a proton-

recoil telescope. The monitor consisted of a ½" x ½" plastic

scintillator and photonultiplier used in conjunction with conven-

tional time-of-flight electronics and was mounted at 1350 above

th.. _-" rt at a distance of 1 meter. A typic•i• spectrum from the

neutron monitor is shown in Fig. 3. The proton-r('•cil telescope,

based on the design of Bame et al.2,3 was positioned at 0 to the

incident beam, and subtLended a half angle of 10 to the neutron

target. Typical recoil-proton spectra obtained with this telescope
1

can be found in the preceding contract progress report.
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The equivalent electron energy bias used on the NE-213

neutron detector was chosen at one third of the Compton edge for

137 Cs or an energy of 220 keV. This corresponds to a neutron

energy cut off of around 1 '4eV. The efficiency curve and all

measurements reported here were obtained using this bias. The de-

tector efficiency was determined at a number of energies by scatter-

ina monoenergetic neutrons from hydrogenous samples of known cc.a-

position. The incident monoenergetic neutron flux was measured

directly at the sample position by means of a conventional proton

recoil telescope. Neutrons incident on the detector were then

determined from the kinematics of the (n,p) reaction. Fig. 4 shows

the data points obtained and the efficiency curve used in the cal-

culations of the cross section data. Data points were not taken

using the direct beam since the counting rate was too high. The

dispersion of the data points are such as to indicate the accuracy

of the curve to be within ±5% except in the region of the neutron

cut off.

The tritium gas target consisted of a 3 cm long stain-

less steel cell separated from the main vacuum system by a thin

foil and filled to a gas pressure of 3 atm. Early measurements

were made with the existing LAFL target system which had a 9.3

mg/cm2 Mo target entrance foil and a 10 mil Au beam stop on the

end of the target cell. The larqe number of low energy neutrons

produced by the p,n reaction in the Au stop, however, interfered

with the observation of the inelastically scattered neutrons and

required a change in the target system. Early in the experimental

4
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measurements the gold end cap was replaced by a 58Ni stop (which

has a p,n threshold of 9.4 MeV), and the Mo entrance foil was

also replaced with a 9.6 mg/cm2 58Ni foil. The new target sys-

tem appreciably reduced the low energy neutron background. Fig. 5

shows the neutron spectrum from aluminum taken with the Au beam

stop amd with the 58Ni beam stop and illustrates the large improve-

ments in the background effect acieved with the 58Ni stop.

The procedure used in making the measurements was to

bombard the tritium gas target with a predetermined number of pro-

tons (observed as the integrated charge collected at the electri-

cally isolated target). The incident proton :energies used were 10

and 12 MeV which produced neutrons having mean energies of 8.91 ± .09

MeV and 10.95 ± 0.09 MeV in the forward direction. The spread in

the energy of the neutrons is attributed to proton straggling in

the entrance foil and to energy losses in traversing the gas cell.

The time-of-flight data and monitor data accumulated during the run

was stored in theSigma 7 coipputer for later manipulation. Typical

operating conditions consisted of an average beam current of 1 Ia

of protons at 2.5 MHz on the target celr, yielding a neutron flux

of ab)out 108 neutrons/steradian/sec at 00. Data runs were made

first with the scattering sample in position and then with no sample

in position. In addition, for the inelastic neutron measurements

it was necessary to take an additional pair of data runs with heli-

um in the gas target cell. These runs were to remoie the effect of

the low energy background neutrons which appear in the inelastic

region of the detector time-of-fliqht spectrum.

5



Measurements for elastic scattering were made at a

number of angles between 300 and 1250 with an estimated angular

error of ± 10. Measurements were generally made at three angles

with helium in the gas cell to enable analysis of the inelastic

region of the spectra at more than one angle.

6
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2.2 DATA REDUCTION

The data reduction process is generally straightforward

and only a brief discussion will be given here. The process usu-

ally begins with the subtraction of a sample-out snectrum from a

sample-in spectrum after normalizing to an equivalent neutron flux.

For the inelastic analysis -n additional subtraction of a sample-

in minus sample-out spectrum with helium in the target cell is

necessary as indicated in the previous section. The elastic and

resolved inelastic peaks are then stripped visually from the

difference spectrum, allowing for residual backgrounds or tails

from closely adjacent peaks which might lie under the peaks of in-

terest. The stripping procedure is subjective but estimates of

the errors involved are included with the accepted value. The re-

maining portion of the spectrum where there are no well resolved

peaks is treated like a continuum and analyzed in equal energy

increments. The integrated counts in each of the resolved peaks

and energy increments in the continuum are obtained and these are

then converted into cross sections (mb/sr) by appropriate techniques.

The neutron flux incident on the scattering sample is

determined from the proton-r:!coil telescope data. The telescope

counts are corrected for the effect of sample absorption and tele-

scope radiatoi-out background prior to converting them to neutrons/
3

steradian by the conventional method. From the flux just obtained

and tha target-to-scattering-sample distance, the neutron flux

at the center of the scattering sample with the sample not in place

7



is then established. Thls mid-point no-sample flux is then con-

verted into an effective average flux in the scatterer by correct-

ing for the effect of sample attenuation using the method of

Cranberg and Levin4 and for anisotropy in the neutron yield from

the T(p,n) 3He reaction.5 The nonelastic cross sections aOne were

used in the attenuation calculations rather than total cross sec-

tions aoT since single elastic events neither appreciably degrade

the neutron energy nor effectively remove neutrons from the beam.

Multiple scattering in the sample can alter the effective flux

as calculated above but this effect is not expected to change the

resultant flux by more than 1% for the scattering samples used

here. The scattered neutrons are also corrected for attenuation

in the scattering sample and for the detection efficiency of the

neutron detector.

8



2.3 Results

Neutron time-of-flight spectra obtained during the present

experiment are shown in Figs. 6 through 13. Vertical arrows on the

figures show the position of neutrons scattered to specific excited

levels in the nucleus. Backgrounds have been subtracted from all

of the figures.

The elastic scattering angular distribution curves are

shown in Fig. 14 through 25. Relative errors on the points due to

statistics and background stripping are of the order of 3% near the

minima and less than 1% elsewhere and lie within the data points

shown. The curve shown on each figure is a visual fit to the ex-

perimental points and Wick's limit in the forward direction, and

is extrapolated in the backward direction from the last experimental

point to 1800. The direction of the extrapolation is chosen to

conform with similar curves at nearby energies. The curves have

not been corrected for multiple scattering which should have the

effect of lowering the values in the vicinity of the minima and

slightly increasing those at the forward angles.

Tabular values of the experimental elastic measurements

are given in Tables 1 through 12. The errors indicated on the

differential measurements are assigned the upper limit of the errors

estimated from stripping and statistics and do not include an error

of 8.2% estimated to be in the normalization to absolute cross

sections. The integrated cross sections indicated on the tables

9



were obtained 2from graphical integration of Lhe curves. The errots

indicated on the integrated cross sections include the 8.2% error

in the normalization to absolute cross sections. Also included on

each table is the calculated value for Wick's limit and the total

cross section used in this calculation.

Inelastic neutron cross sections for prominent discrete

peaks such as those in oxygen were obtained over a large angular

region. For othex elements, where it was necessary to take addi-

tional helium measurements to remove backgrounds in the inelastic

region, inelastic cross sections were measured at only one or two

angles due to the time economies involved. Tabulated values of

the inelastic measurements are given in Tables 13 through 25.

Where possible the inelastic neutrons have been specified in terms

of nuclear excited states. In those cases where the inelastic

neutrons appeared as a continuum the cross sections are reported

in energy bins and the corresponding range of excitatio, is also

given.

The errors shown on the differential cross sections are

our estimates of the stripping and statistical errors only. The

inelastic measurements inJicate isotropy of the neutron distribu-

tion so that an integrated inelastic value is obtained by multi-

plying tne differential value by 4,1. The errors on the integrated

cross sections shown in Tables 13 through 25 include the 8.2%

absolute normalization error.

10
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Nitrogen

The time-of-flight spectra obtained from nitrogen at
E = 9.0 and E = 11.0 MeV are shown in Figure, 6 and 7. The

: n n

scattering sample was liquid nitrogen contained in a double walled
t

cylindrical cryostat of LASL design . The cryostat consisted of

an inner stainless steel cylinder, 2.679 cm in diameter and 4.165

cm long (volume = 23.49 cm3 ), separated from an outer stainless

steel jacket by a 0.381 cm thick vacuum gap. The inner cylinder

walls were 0.0076 cm thick and the outer walls were 0.0101 cm thick.

An empty stainless steel container identical in design to the cryo-

stat was used to obtain the background runs.

The positions of the known energy levels in nitrogen

are indicated by the arrows on Figures 6 and 7. The resolution

of the detector system coupled with the weak excitation of the

level fails to show any evidence of a peak corresponding to

excitation of the first level at 2.31 MeV. Neutron groups

corresponding to other levels in nitrogen are not too well re-

solved except for those going to the second and ninth levels

at 3.945 MeV and at 7.028 MeV as seen in Figure 7.

The cross sections for elastic scattering are listed

in Tables 1 and 2. A small contribution from the excication of

the 2.313 MeV level which may have been included 'n the integra-

tion of the elastic peak has been neglected sizce it is reported 6 '7

We are indebted to E. Kerr of CMF-9 at LASL for use of the
cryostat and for providing the container 6imensions and pressure
density curves used in the calculations.

L 1]



to be less than a few mb/sr. Errors indicated on the differential

measurements are the maximum estimates of the stripping and

statistical errors. The integrated cross sections obtained by

graphical integration (and which include the absolute normaliza-

tion error of 8.2%) have values considerably larger than those
7

reported recently.

The inelastic cross sections are listed in Tables 13

and 14. The tables indicate appreciable excitation of high energy

levels in nitrogen. The errors in the differential cross sections

are stripping and statistical errors only, while the integrated

cross section erroy includes the absolute normalization error.

Oxygen

Time-of-flight spectra for oxygen at En = 9.0 and

En = 11.0 MeV are shown in Fijures 8 and 9. The scattering sample

consisted of a thin walled (.05 cm) brass cylinder, 4.35 cm long

with an ID of 1.905 cm, which held approximately 2/3 mole of water.

Backgrounds were obtained with an empty brass cylinder of the s;nte

dimensions. A promirent peak from n,p scattering in the water is

observed in both spectra and other peaks seen in the spectra -orres-

pond to the indicated ruergy levels in oxygen.

Elastic scattering cross section,3 are listed in Tables 3

and 4 ind the errors shown are the same as ithose doscribed for

nitrogen. Integrated cross sections in the tables have values

somewhat smaller than those reported in the literature. 8' 9

12



We were able to measure the inelastic scattering to the doub-

let levels nezr 6.1 MeV at angles between 300 and 1250 at

En = 9.0 and 11.0 MeV, and to the doublet levels near 7 MeV

at E = 11.0 MeV. The results, with the relative errors listed
n

in Tables 15 through 17, indicate that the distributions are

essentially isotropic. The cross sections for scattering to the

6.1 MeV doublet appear considerably larger at En = 9.0 MeV than

those obtained from gamma-ray data, 10,11 but are in reasonable

agreement at En = 11.0 MeV. The values for scattering to the

7 MeV doublet are also larger than the corresponding gamma-ray

d&:a. No clear evidence for scattering to the 8.86 MeV level

was seen in the spectra but this was expected since the neutrons

scattered to this level from the incident 11 MeV beam would

have energies close to the neutron bias level on the detector.

Aluminum

The time-of-flight spectra for aluminum at E = 9.0

MeV is shown in Figure 10. The scattering sample used consisted

of a hollow cylinder 2.40 cm O.D., 1.60 cm I.D. and 4.00 cm long.

The resolution of the detector was insufficient to resolve the

neutrons scattered to the first two~levels from the elastic peak.

Although the energy levels in aluminum are generally numerous and

fairly evenly spaced there appears to be preferential scattering

to certain groups of levels as indicated in Figure 10. The three

peaks to the left of the elastic peak are characteristic of all

13



measurements made both at 9 and 11 MeV.

The elastic scattering cross section plots are shown

on Figures 1 8 and 19 -id tabular values are listed in Tables 5

and 6. A contribution from the 0.843 and 1.013 MeV levels of

4 mb/sr has been subtracted from each measured point at En = 9

MeV and a contribution of 3 mb/sr has been subtracted from each

measured point at E = 11 MeV. The errors shown in the tablesn

are the same as those indicated in the nitrogen section. In-

elastic cross section values are listed in Tables 18 and 19. The

9 MeV integrated elastic cross section listed in Table 5 is in

good agreement with the Oak Ridge results12 at 6.56 MeV.

Silicon

Figure 11 shows the time-of-flight spectrum from sili-

con at En = 9.0 MeV. The scattering sample was a solid cylinder

2.58 cm in diameter and 3.97 cm long. The first excited level

at 1.779 is clearly separated from the elastic peak. Positions

of other excited levels are indicated by the vertical arrows.

The elastic scattering cross sections are plotted on Figures 20

and 21 and the tabulated values are listed in Tables 7 and 8.

The inelastic cross sections are listed in Tables 20 and 21. The

integrated elastic scatterinq cross section at 9 MeV shown in

Table 7 is in excellent agreement with the 8.56 MeV results from

Oak Ridge. 1 3

14



Calcium

A spectrum obtained from calcium at E = 11.0 MeV is

shown in Figure 12. The scattering sample was a solid cylinder

2.35 cm in diameter and 4.50 cm long. The first excited level

in 40Ca at 3.35 MeV while well separated frcm the elastic peak

is not resolved from other close lying levels. The spectra ex-

hibit a continuum above about 4.5 MeV. Elastic scatterinq cross

sections are shown in Figures 22 and 23 and tabular values are

listed in Tables 9 and 10.

The inelastic cross sections are listed in Tables 22

and 23. The integrated elastic cross section in Table 9 is in

good agreement with recent Oak Ridge resulits14 at 8.5 MeV, and the

inelastic cross sections to the first four levels listed in Table

22 are in close agreement as well.

Iron

The time-of-flight spectrum from iron at E = 9.0 MeVn

is shown in Figure 13. The scattering sample was a hollow cy-

linder 2.20 cm O.D. 1.60 cm I.D. and 4.00 cm long. No le, Ais

are clearly separated and the results in the inelastic region

have been analyzed as a continuum. The measured elastic angular

distributions are plotted in Figures 24 and 25 and num-rical

values are listed in Tables 11 and 12. The 9.0 MeV results of

Table 11 have had 6 mb/sr subtracted from each measured point to

15



account for neutrons scattered to the 0.845 MeV level. This value

was obtained by stripping the peak at 1200 where the elastic

scattering is comparable to the inelastic scattering to the

0.845 level. The 11 MeV results of Table 12 have also had

6 ml sr subtracted from each point as determined from a similar

stripping procedure. Errors indicated in the tables have been

described in the section on nitrogen. The 9 MeV integrated

elastic cross section listed on Table 11 agrees within Lhe error

limits with the Oak Ridge results15 at 8.56 MeV. Inelastic

scattering values are listed in TableE> 24 and 25.

16



3. GAMMA RAY MEASUREMENTS

3.1 Data Acquisition

The experimental geometry and procedures used to acquire

th gamma-ray data were the same as those described in the previous
I

report except that only the NaI(TIl) center detector was used in

the present work.

Basically, the gamma-ray data were obtained with a large

two-crystal anticoincidence spectrometer (whose operation has been

described elsewhere), 16,1operated in conjunction with conventional

pulsed beam time-of-flight techniques to reduce neutron and time-

random backgrounds. The anticoincidence oppration of the spectro-

meter greatly reduces the Compton scattering components in the

gamma-ray energy spectre thus considerably simplifying the analysis

of complex spectra. Neutron backgrounds caused by neutrons scatter-

ing into the detector are reduced by gating the linear spectrum

with only that portion of the time-of-flight spectrum corresponding

to prompt gamma-ray events. The anticoincidence feature, whose main

purpose is to reduce the Compton scattering, is also very effective

in reducing time-random neutron and gamma-ray backgrounds.

A diagram of the gamma-ray spectrometer with a NaI(Tl)

center detector in position is shown in Fig. 26. The scattering

samples were the same as those used for the neutron work, ard the

gas target to sample distance used was 8 cm. The sample to NaI(Ti)

17



center detector was maintainea at 130 cm and the detector angle

was maintained at 550 throughouL the experiment..

The efficiency of the gamma-ray spectrometer as a

function of gamma ray energy was determined with calibrated radio-

isocopic sources up to an energy of 3 MeV and by indirect techniques

above this energy. Fig. 27 shows the detector efficiency as a

function of gamma ray energy. Tie two calibration points at 4.43

MeV were determined from the 15N(p,oy) C2C reaction and from the

n/y ratio of a calibrated AmBe source. The 11.7 MeV data point was

obtained from the I]B(p,y)2 C reaction and the data point at

10.8 MeV was obtained from the 14N(a,y) 5N reaction.18 The last

measurement was obtained with a reactor'

Production of neutrons and methods used for determining

the neutron flux were the same as those described in Section 2.1.

Data runs consisted of both sample-in and sample-out runs and for

the 11 MeV work, additional sample-in, sample-out runs were made

with the target cell filled with helium.

Two qated linear spectra were accumulated simultaneously,

the first spectrum corresponding to those events falling within

the prompt gamma-ray gate on the time-of-flight spectrum, the

second corresponding to those events fallinq within an equivalent

gate set on the flat, or time-random background portion of the

spectrum. The spectra were stored in the SDS computer along with

This measurement was made at the Omega West reactor site at LASL.
The authors would like to acknowledge the use of this site and to
thank Dr. E. T. Jurney for performing this measurement.
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the difference spectra of the two. Adjustment of gate widths and

proper operation of the subtraction process was checked with a

radioactive source. The data were recorded on magnetic tape and

on paper print out for later analysis. Subtraction of the helium

gas cell runs from the tritium gas cell runs were made on the

IBM-1130 computer at Texas Nuclear.

19



3.2 Data Reduction

The analysis of the gamma-ray data like that for the

neutrons begins with subtraction of a properly normalized sample-

out run from a sample-in run. The difference spectrum is then

stripped by empirical procedures based on monoenergetic line shapes,

starting at the high energy end of the spectrum, and removing at

each operation the related Compton distribution from the lower por-

tions of the spectrum. The resulting counts are corrected for

self-absorption of gamma rays in the scattering sample by the method
:' 4

of Cranberg and Levin, and for the gamma-ray efficiency of the

detector. The corrected counts are then converted to gamma-ray

production cross sections by conventional means using the effective

neutron flux determined as described in Section 2.2. Since the

angular dependence of most gamma-ray distributions can be described

by the first two terms of an even order Legendre polynomial ex-

pansion, integrated cross sections could be obtained by multip]ying

the present 550 differential cross sections by 47T.

It should be noted that the cross sections reported for

discrete gamma rays in Tables 26-32 may also contain some contri-

bution from continuum gamma rays. The procedure used is to include

all observed counts in the energy bin of interest and to subtract

from these counts only the Compton scattering contribution from all

of the higher energy bins considered. Under these conditions, if

the sum of all Comptuo. -ontributions considered is less than the

apparent continuum on the high eneray side of the discrete peak in

question, then the cross section for the discrete peak will contain

20



some continuum. An example of the opposite ca6e occurs in

Figure 28 for the 5.10 MeV discrete peak. Here the sum of the

Compton contributions is just equal to the continuum to the right

of the peak. In this case the 5.10 MeV peak cross section contains

no unresolved gamma ray contribution.
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3.3 Results

Fewer gamma-ray measurements than originally proposed

were completed. Difficulties in the form of a very high back-

ground appeared the low energy region of the gamma-ray spectrum

and made portions of the spectra unuseable in addition to causing

considerable loss of time. The origin of the background was not

ascertained although it was found to be present in the three

different detector systems tried. The background was less in-

tense with the 9 MeV neutrons than with those at 11 MeV. Typical

spectra obtained are shown in Figures 28 throuah 30. The lower

part of the spectra were not useable due to the high backgrounds

encountered. Tabular values of the cross sections measured are

listed in Tables 26 through 32. The errors shown consist of an

8% estimated error in the absolute cross-section normalization with

the remainder due to stripping, statistics and difficulties in

positioning the time gates. Due to the nature of the background

problems encountered in the acquisition of the gamma-ray production

data, the results given in Tables 26 through 32 should be con-

sidered as preliminary and not for quotation. Additional work will

be required to remove the uncertainties associated with these data.

Nitroqn

The gamma-ray spectrum of nitrogen, obtained with 11i MeV

incident neutrons is shown in Fiqure 28. In addition to gamma

rays from inelastic scatterinq, others from 11B, 13C and 14C

produced by (n,,x), (n,d) and (n,p) reactions are observed.
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The spectrum is similar to that observed at 14.8 MeV.19 Diffi-

culties with the nitrogen cryostat were encountered during the

run so that it was necessary to use a different scattering sample.

The data shown here were taken with a cylinder of Be3 N2 , 3.83 cm

in diameter and 5.43 cm long. Prior to the measurement the sample

was analyzed at the Omega West reactor site for possible carbon

contamination and was found to contain negligible amounts.

Gamma-ray production cross sections are listed in Tcble

26. The integrated cross section shown in the table is in good

agreement with the Oak Ridge results, 20 but gamma ray-production

cross sections for individual levels such as the prominent 4.46 and

5.10 MeV peaks in Figure 28 are considerably larger than the Oak

Ridge values. Reasonable agreement with the integrated cross
• grou21

section of the GGA group is also found but individual level ex-

citations show considerable differences. The integrated cross

section indicated in Table 26 less the contribution from 11B and

13C indicated in the table, is in reasonable agreement with the in-

elastic cross section listed in Table 14 as well.

Gamma ray production cross sections for oxygen are

listed in Table 27. The large background mentioned interferes

with the measurement of the 2.74 MeV gamma ray from the 8.86 MeV

level but the remainder of the spectrum appeared satisfactory.

The results of the three gamma ray groups, 3.68 and 3.86 MeV

from 13C, 6.13 from 160 and the 6.92 and 7.12 MeV doublet from
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160 are in excellent agreement with the work of Dickens and

Perey. 10 Reasonable agreement with the work of Orphan et al 11

is also shown except for the 6.92 and 7.12 MeV doublet where the

present values are almost a factor of two larger than the latter

authors. The gamma-ray data for the 6.13 MeV level are in

reasonable agreement with the neutron inelastic scattering values

of Table 16 but the gamma-ray cross sections for the 6.92 and

7.12 MeV doublet do not agree with the neutron inelastic data in

Table 17.

Aluminum

The gamma-ray spectrum obtained from aluminum at

En = 9.0 MeV is shown in Figure 29. Gamma ray peaks corresponding

to the first two excited levels are lost due to the high background

mentioned earlier. The peaks shown on the figure correspond to

a transition from the 2.73 MeV level to the 1.01 MeV level, and

three ground state transitions from the 3rd, 5th, and 6th excited

levels.

Cross sections for gamma-ray production were obtained

at both E = 9.0 MeV and E = 11.0 MeV and the values are listedn n

in Tables 28 and 29. Comparison of the gamma-ray cross sections

with the inelastic cross sections listed in Tables 18 and 19 are

difficult without some prior knowledge of the gamma ray multi-

plicity. The gamma ray cross sections of Table 28 for the 1.72,

2.209 and 3.00 MeV discrete gamma rays however are in good agree-
22

ment with the 7.5 MeV neutron results from the LASL group.
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Silicon

No gamma-ray measurements were made on silicon in this

experiment. These measurements were made earlier and are found

in the previous report.

Calcium

The gamma ray spectrum obtained for calcium at En

9.0 MeV is shown in Figure 30. Two gamma peaks from 37Ar pro-

duced by the n,a reaction are seen in the spectrum. Crcss

section values are listed in Tables 30 and 31. Again it is diffi-

cult to make comparisons of the gamma-ray yield with the inelastic

cross sections. Previous work23 at En = 5 MeV gave a gamma-ray

cross section of 14.7 mb/sr for the combined 3.73 and 3.90 MeV

gamma rays which makes the values obtained here appear reasonable.

Iron

Gamma-ray prcduction cross sections obtained for iron

at En = 9.0 MeV are listed in Table 32. Gamma ray peaks corres-

ponding to 1.03, 1.24, 1.81, 2.11, and 2.65 were observed in the

spectrum but since these were not clearly separated from the

continuum the whole spectrum was analyzed in energy bins as seen

in Table 23. A comparison of the integrated cross section of

Table 32 with the integrated inelastic values in Table 24 seem tc

indicate a gamma ray multiplicity of 2 for iron. This compares

25



with an evaluated multiplicty24 of 2.7 for 9 MeV neutrons.

Comparison of the cross sections of Table 32 for 1 < E < 4 Me-V

with the results of Dickens and Perey25 at En = 9 MeV over this

same energy region indicates agreement within the errors quoted.
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4. DISCUSSION

The results presented here represent measurements

actually made during the 14 month period January 1970 to March

1971 at Los Alamos Scientific Laboratory. While considerable

improvement may be desirable, the results represent a reasonably

successful use of the funds allocated and a reasonable achieve-

ment of the goals set forth at the onset of the work.

The problems encountered in the form of neutron and

gamma-ray backgrounds which have been discussed in previous

sections have not prevented the acquisition of data but did make

it more difficult. The data acquired are not always susceptible

to comparison with the work of others but where this is possible

reasonable differences or similarities are generally observed.

It is desirable that additional work in this energy

region should be preceded by a fairly comprehensive study of the

nautronrproducing target problens. Specifically the secondary

neutrons produced by the target should be further reduced, per-

haps by means of different beam stops, and the source of the high

intensity gamma-ray background needs to be investigated and

eliminated. Finally, measurements should be made at least at one

angle with a longer flight path and improved resolution to separate

the low lying inelastic levels aech as in aluminum and iron.

27



ý*4 >1
a ) frr

0 U2

H) 0

~) 0 41 04
44 .,

w~41

U) U U) )
En

U)

0

c.c
00

-4 w4

0
L4-4

4-))
0. ý4

0 f0

1 C.) 4) 4

N j 10 C) 0lV

4J~~~ 44 4U

C)~U -4>

A Hr

G))

UU

28 E



1-4 0
0 41 ,~

.,IC - -, n -4 U~

't 4 (0 F ' E-4 0

10-4 0) U)U Ud0 W ' Ii
la4Z tf,-)I

IiIn
4-)

U)
0

>1-

C) 4J

0 0)

1-4

70-4

C) 0 C)

u~~0 U)C)r

C.-
1-4.



C'j

0
0'

zz
M 0

w if)) 4

0)

W4

CD

300

*0 Ld

4 ,*' 
z



I I I I0

00

w0

00

W L
I-C4)

0

wr~

* C N

Q'C

0)
t>o

4,

/ 00

-4

01

0 tO 0 to) 0) to
Nl C~

31

wit
S&L



I 0

00

Q0
0

0 0 0

0 0 f

Ita)
000

0 0 ~ 0

go.%* .2) -

0 00 1 0F
00 00 0

0. w
0 0 000

000 0Z

0000 0C 4J

0
0 0

0 i 00 000)
000

0 0 so
00D

0 %4
It C 0 0 0 0 24

< 10 04-

00 00 0

o: a7 0 0 00
00 0 6%

L& 00 o

0.

0900z~ N<3NH / SI 0O

u 0 032

z 0 I
'a0 -0 0 - ~ '.~~ .- ~'' - -



En'(MeV)
1.5 2 3 4 5 6 789

SI I I ' I I I IlI I II II

4K

NITROGEN SPECTRUM
En = 9.0 MeV

8 = 350

I

3K

CD V m- OM I
o - ®• -a ' 2.

0 v.IK - I " -

iV

w5 w 00 tn 50

z
< 2K
I

0

00
0

250 300 350

CHANNEL NUMBER
Figure 6. Nitrogen time-of-flight spectrim at En =9.0 r,,.

33



En'(MeV)

1.5 2 3 4 5 6 8 011I

2000- NITROGEN SPECTRUM

En = 11.0 MeV

e= 70°

I
X5

1500

Z~0 qt0 -
S__. .-

0 00
4t - OD -0) 0) W)

500

Z 1000.

z
00

500 0

I- ItIz, 
0

00

15000 
250

CHANNEL NUMBER
Ficrure 7. Nitroqen timle-of-flight spectrum at En --ii MeV.

34

'Sl"l • r r "- ,=



En'(MeV)
1.5 2 3 4 5 6 789
1 1 1 1 v I I '1 I I I I II 1 'I

4K
H2 0 SPECTRUM

En = 9.0 MeV

e350

3K

w
z
< 2K - -0
X (D (6

0

U,)

H
z

IK -

0 -0

150 200 250

CHANNEL NUMBER
Figure 8. Oxygen time-cf-fliahit spectrum at En =9.0 NoV.

0n

35

Sgot.I L



S~En' (MeV)

1.5 2 3 4 5 6 8 1011

"I " I I I I I I I I I IIIII

4K H2 0 SPECTRUM

En= I1.0 MeV

e 350 X -5

3K

jT o

w
zz 2-K

IK -

m4

z

0

1500 2 e00 0

". * .% ei

0I °

S1. a

CHANNEL NUMBER
Figure 9. Oxyoen time-of-flight spectrup at E n=ii.0 MeV.

36

k0



En'(C MeV)

1.5 2 3 4 56 78 9

2K ALUMINUM SPECTRUM

Enz9.0 MeV

8=1000

I-

w w 0
i.5K I> 1> a

Li j J if) W ) r- 10 0 10 q

r4()rMi~ aj 0
-J

LaJ

z
D

* 0

.5K

00

.J,0

200 20 30

CHANNE NUBE

Figure~~~~. 1Q lmnm *i o-lgn pcrma 90IV

0 4@37



En'(MeV)
1.5 2 3 4 5 6 789
I 'I v I I1 I I I 1 1 1 111111

4K SILICON SPECTRUM

En = 9.0 MeV

8=350

nx

x 10

3K

.O • OD W -

LdI
z
z

S2K

z
0

IK-

00

0.'
,, 0 .... .!0 .

150 200 250

CHANNEL NUMBER
Figure i silicon tiMe-of-fliqht spectrum at En =9.0 MeV.

38

0- 0• • • m m • • • • • , , '



En'(MeV)
1.5 2 3 4 5 6 8 IOl
I I I I ! !" I I I I I I IlI IIlIl/

2000
CALCIUM SPECTRUM
En = 11.0 MeV

e= 700

1500

W,
COa.

w 0 Y)

1 000--r

X

z

0
500-

0

0 00 00 0 0e .0
.. 00.00.000

*f 00" 00 0

eve 0 *e

* 00

0

250 300 350

"CHANNEL NUMBER
Figure 12. Calcium tirne-of-fliqht spectrum at En =11.0 meV.

39



En'(MeV)

1.5 2 3 4 5 6 789

4K

IRON SPECTRUM

En =9.0 MeV

8 35° 10

3K -

UU.'

• 2K'

inCl)ý

L)
zz

0

% )
0 0,

0. 0 0

00O

150 200 250 280

CHANNEL NUMBER
Figure 13. Iron time-of-flight spectrum at I" n =9.0 Me".

40



II -I

NITROGEN
En= 9.0 MeV

ELASTIC

I03

X WICK'S LIMIT

C:3

b

0

0

/
/

/

01I I I

1.0 0.5 0 -0.5 -to

COS OCM
Figure 14. Nitrogen elastic scattering at E =9.0 VeV.

n
41



NITROGEN
En = 11.0 MeV

ELASTIC

103 ',,,C.('S LIMIT

U)

E

C;C

102

24
/

/
/

101 I I

(.0 0.5 0 -0.5 -1.0

cos 6CM
Fioure 1.5. Nitroeen elastic scatterina at E=11.0 MeV.

42



OXYGEN
En=9.O MeV

ELASTIC

X WICK'S. LIMIT

E

100
1.0 .5 0-0.5-1.

COS 9 C
Figre 6. xygn eastc sattr ig a E, = . 0MeV

43\



I I I

OXYGEN

En= 1.0 MeV

ELASTIC

X WICKS LIMIT

103

E

.- o-

co
b 102

I10

\ ~//

/

Q/

00 0.5 0 -0.5 -1.0

COS 8CM

Figure 17, oxygen elastic scattering at E.,, 11.0 MeV.

44

•• • • •~~~~~~~~~~~~~ ~~ ~~._• ,- ,* - . - •...• • •• ,•.- . . . ........ . .



ALUM INUM

En= 9.0 MeV

103 ELASTIC
X WICK'S LIMIT

E

b

101

1.0 0.5 0 -0.5 -1.0

Figure 18. Aluminum elastic scattering at Ell 9. 0 MeV.

45



"ALUMINUM

En= 11.0 MeV

103 -ELASTIC

X WICK'S LIMIT

E

2.I

b 0

10,

10 0

N/

/

i00 I I I

1.0 0.5 0 -0.5 -1.0

COS 8 CM
Figure 19. Aluminum elastic scattering at En = 11. 0 MeV.

46

p, -- i - - •



SILICON
En=,- MeV

ELASTIC

IO~ X WICK'S LIMIT

-10 2

E

10,

100
1.0 0.5 0 -0.5 -1.0

005 8 CM
Figure 20. silicon elastic sca't-terina at E n=9.0 MeV.

47



SILICON

En= I1.0 MeV

ELASTIC
103

X WICK'S LIMIT

.102

b -

/

101

100 ,
1.0 0.5 0 -0.5 -I 0

COSecM
Figure 21. Silicon elastic scattezinq at E =11.0 •'oV.

n48



A L CI I
CALCIUM

En = 9.0 MeV

3 ELASTIC

X WICK'S LIMIT

102

--

b

10,

i00.

1.0 0.5 0 -0.5 -1.0

COScM
Figure 22. Calcium elastic scattering at Ell 9. 0 MeV.

49

6ow.



II I

CALCIUM

En=I1.0 MeV

103 ELASTIC

X WICK S LIMIT

102

E
b - -

V

101

100 I

1.0 0.5 0 -0.5 -10

Cos 8CM
"F"iaure 23. Calcium elastic scatterina at E 11. 0 MV.

50-

50



IRON
4 En = 9.0MeV

ELASTIC
103- X WICKb LIMIT

102-

E

b; 7

scatein at5 0 - 9.0 e1.0

51



I 1 I ,

IRON
En = 11.0 MeV
ELASTIC

103

X WICKI3 LIMIT

102_

10

b/ "o ~/

101-
- ~/ -
- ~/ -
- ~/-

_ _

i00 iii ,
1.0 0.5 0 -0.5 -1.0

COS eCM
Figureo 28 Irn

Figure 25 Iron elastic scatterinq at 1 =11.0 MeV.

52



0 .
4.)

C) 04

4)..)0
w 4

000

000

II4. Ea 1 ..

'II0 00

N4 0)
\1 E

\. \u 4-

0)0

E ~ U -4 0):: Q)
ucn 0.

-U)

_____ ____ _____ __ 4

53a



0

I'.)

G)

CD

w >
u

z
_>ww

W WZ

w 000

(9 C

0: >Z

w

LL. U..

0 0 to)c'

54

_ _-------_ --



z om 90 ,9 -----

00

c <

0 Q)

0 Z
Z

Lii

LU Zi
( a l 9 l' t , <c-~

>1

0

* N

-13NNVH2)' SiNfloD

55



0 CDD 0LO)

Z~L ro~ t

cr 4i

z
* ~z >

<

C)

002p

56

- -- - - - -



969

ZO 9 .

< c

C0 LU Cb
CID

z
cs-I

z -P

U q >1

0 -
oo

I0 
0

In 
C1

-13NNVHD / SINflo"

57



TABLE 1

NITROGEN

Elastic Scattering of 9.0 MeV Neutrons

cmda(6)/dSQcm
(0) (mb/sr) ± 3%

32.1 215.3
32.1 214.0
32.1 183.6
37.3 133.4

42.7 111.3
47.9 86.7

53.2 53.4
63.6 22.0

73.9 34.3
84.0 46.6
94.1 61.8

94.1 72.5
104.1 67.5
113.9 61.0
123.6 43.5
128.4 36.1

Integrated cross section 932 mb ± 8.8%

Wick's limit 380 mb/sr

Total cross section 1260 nib
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TABLE 2

NITROGEN

Elastic Scattering of 11.0 MeV Neutrons

-0 do (0)/an2
cni d()d

(0) (mb/sr) ± 3%

32.1 209.1

32.1 202.4

37.3 124.7

42.6 79.2

47.9 46.2

53.2 34.2

63.6 25.8

68.7 26.5

73.9 36.4

79.0 38.8

84.0 55.9

94.1 48.4

94.1 56.3

104.0 46.2

113.9 36.5

123.5 23.7

123.5 25.5

128.4 20.6

Integrated cross section 864 mb ± 8.8%

Wick's limit 535 mb/sr

Total cross section 1352 mb

59



TABLE 3

OXYGEN

Elastic Scattering of 9.0 MeV Neutrons

S do (6)/dQ

(0) (mb/sr) ± 3%

31.8 111.1

37.1 102.1

42.3 81.2

47.5 64.0

52.7 33.4

63.1 20.8

73.4 29.8

83.5 63.6

93.6 69.0

103.5 63.7

123.1 37.1

127.9 27.4

Integrated cross section 737 mb + 8.8%

Wick's limit 294.5 mb/sr

Total cross section 1100 mb
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TABLE 4

OXYGEN

Elastic Scattering of 11.0 MeV Neutrons

0cm da (0)/dQ
(0) (mb/sr) ± 3%

31.8 115.9

37.1 85.2

42.3 60.5

47.5 41.4

52.7 31.9

52.7 28.7

63.1 25.6

73.4 23.3

73.4 26,.

83.5 37.1

93.6 55.6

103.5 67.1

113.4 54.4

123.1 36.2

Integrated cross section 819 mb ± 8.8%

Wick's limit 669.4 mb/sr

Total cross section 1500 mb
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TABLE 5

ALUMINUM

Elastic Scattering of 9.0 MeV Neutrons

ecm do (0)/dQ
(0) (mb/sr) ± 3%

31.1 189.6

36.2 135.3

41.4 69.0

46.5 50.8

51.6 29.3

61.8 21.9

72.0 34.7

82.1 31.6

92.1 26.0

102.1 17.1

121.8 10.6

Integrated cross section 687 mb ± 8.8%

Wick's limit 756.2 mb/sr

Total cross secztion 1720 mb
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TABLE 6

ALUMINUM

Elastic Scattering of 11.0 MeV Neutrons

6cm da (O)/dQ
(0) (mb/sr) ± 3%

31.1 143.9

31.1 172.4

36.2 110.7

41.4 42.0

41.4 31.1

46.5 22.6

51,6 14.4

61.8 31.0

61.8 23.9

72.0 34.2

82.1 23.9

92.1 18.4

92.1 19.8

102.1 11.0

112.0 7.7

126.7 13.3

Integrated Cross section 623 mb _ 8.8%

Wick's limit 967.7 mb/sr

Total cross section 1760 mb
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TABLE 7

SILICON

Elastic Scattering of 9.0 MeV Neutrons

ecm da(6)/dQ
(0) (mb/sr) ± 3%

31.0 276.5

36.2 148.8

41.3 100.5

46.4 61.5

51.6 30.7

61.8 19.9

71.9 24.7

82.0 25.9

92.0 21.9

102.0 14.5

121.8 14.2

Integrated cross section 874 mb _ 8.8%

Wick's limit 1000.9 mb/sr

Total cross sections 1976 mb
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TABLE 8

SILICON

Elastic Scattering of 11.0 MeV Neutrons

0 8 doo(e)/df2< cm
(0) (mb/sr) ± 3%

31.0 131.6

36.2 75.0

41.3 28.1

51.6 12.9

61.8 26.0

71.9 29.1

82.0 20.5

92.0 11.1

102.0 7.2

121.8 13.9

Integrated cross section 604 mb ± 8.8%

Wick's limit 1012.8 mb/sr

Total cross section 1798 mb
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TABLE 9

CALCIUM

Elastic Scattering of 9.0 MeV Neutrons

0cm 
(0)/dQ

(0) 
(mb/sr) ± 3%

30.7 
444.9

35.8 
257.4

40.9 
143.6

46.0 
82.9

51.1 
56.3

61.2 
26.8

71.3 
21.5

81.4 
10.5

91.4 
12.4

102.0 
21.6

121.2 
37.4

Integrated cross section 1376 mb ± 8.8%
Wick's limit 1908.1 mb/sr

Total cross section 2700 mb
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TABLE 10

CALCIUM

Elastic Scattering of 11.0 MeV N-utrons

0cm 
da (0)/do

(0) 
(mb/sr) ± 3%

30.7 
314.8

35.8 
161.8

40.9 
86.7

46.0 
71.7

51.1 
36.2

61.2 34.5

71.3 
18.4

81.4 
11.8

91.4 
19.4

101.4 
27.0

121.2 
24.9

Integrated cross section 1158 mb ± 8.8%
Wick's limit 1999.4 mb/sr

Total cross section 2500 mb

67



TABLE 11

IRON

Elastic Scattering of 9.0 MeV Neutrons

0cm do (0)/dQ
(0) (mb/sr)

30.5 565.6 ± 1%

35.6 319.5 ± 1%

40.7 168.1 ± 1%

45.7 116.6 ± 2%

50.8 40.5 ± 3%

60.9 9.7 ± 11%

71.0 15.1 ± 7%

81.0 14.5 ± 7%

91.0 18.9 ± 6%

101.0 17.3 ± 6%

120.9 6.4 ± 16%

Integrated cross section 1672 mb + 8.8%

Wick's limit 2872.8 mb/sr

Total cross section 3290 mb
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TABLE 12

I RON

Elastic Scattering of 11.0 MeV Neutrons

%cm 
dcs(6)/dQ(0) 

(mb/sr)

30.5 
467.8 ± 1%

35.6 
266.0 ± 1%

40.7 
109.1 ± 2%

45.7 
54.1 ± 3%

50.8 
24.0 ± 4%

60.9 
9.5 ± 11%

60.9 
7.6 ± 14%

71.0 
5.2 ± 20%

81.0 
12.7 ± 8%

91.0 
15.7 ± 7%

91.0 
15.7 ± 7%

101.0 
15.9 ± 7%

111.0 
9.6 ± 11%

125.8 
4.4 ± 23%

Integrated cross section 1369 mb ± 8.8%

Wick's limit 2886.3 mb/sr

Total cross section 2930 mb
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TABLE 13

NITROGEN

Inelastic Scattering of 9.0 MeV Neutrons

Average of 0lab = 900 and 0 lab = 1250

Eex do (6)/dQ Error

(MeV) (mb/sr) (+ %)

3.945 4.77 4

4.913

5.106 6.39 5

5.691

5.834 5.00 10

6.198

6.444 6.70 10

7.028 4.64 10

Sum 27.50 mb/sr _ 7.8%

Integrated 346 mb ± 11%

(47 x sum)
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TABLE 14

NITROGEN

Inelastic ScatLcring of 11.0 MeV Neutrons

Average of 0 1ab = 700 and = 1200

Eex da(8)/dS1 Error

(MeV) (mb/sr) (+ %)

3.945 1.97 7

4.913

5.106 2.71 8

5.691

5.834 2.73 8

6.198
6.444 3.10 10

7.028 4.20 10

7.966

8.061 4.04

8.488
8.617 3.84 10

Sum 22.59 mb/sr _ 8.9%

Integrated 284 mb ± 12%

(4Wi x swtx)
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TABLE 15

OXYGEN

Inelastic Scattering of 9.0 MeV Neutrons

to the 6.06 and 6.13 MeV Levels

0 do (0)/dQ Error
(o) mb/sr) (± %)

33.4 17.1 14

_3b.9 17.1 11

44.4 21.1 19

49.8 21.6 13

76.4 17.9 8

86.7 20.6 10

96.8 17.7 3

106.7 13.9 3

125.9 16.2 8

130.6 14,8 5

Average 17.8 10

IIntegrated (4- x average) 224 mb + 13%
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TABLE 16

OXYGEN

Inelastic Scattering of 11.0 MeV Neutrons

to the 6.06 and 6.13 MeV Levels

0 d a(e)/dQ Errorcm

(0) (mb/sr) (± %)

32.8 9.8 25

38.2 10.1 14

43.6 11.0 20

64.8 9.2 11

75.2 8.8 4

85.5 9.1 5

95.5 7.8 5

105.3 8.0 4

115.2 9.2 5

124.8 8.5 8

Average 9.2 9.8

Integrated (4'r x average) 116 mb ±13%
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TABLE 17

OXYGEN

Inelastic Scattering of 11.0 MeV Neutrons

of the 6.92 and 7.12 MeV Levels

0 do (08 )/dQ Errorcm
(o) (mb/sr) (+ %)

32.8 15.5 22

"38.2 13.2 13

43.6 15.3 16

48.9 18.8 14

75.2 16.6 4

85.5 15.8 6

95.5 14.4 4

).05.5 15.7 4

115.2 16.5 4

124.8 14.4 6

Average 15.6 9

Integrated (47 x average) 196 mb ± 12%
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TABLE 18

ALUMINUM

Inelastic Scattering of 9.0 MeV Neutrons

1ab 90

Eno Eex doa(a)/dS2 Error
(MeV) (MeV) (rob/sr) (+ %)

2.209

2.732
14.21 32.980

3.00
4.0 - 5.0 '4.52 - 3.48 5.68 4

3.0 - 4.0 5.56 - 4.52 10.09 3
2.5 - 3.0 6.07 - 5.56 6.87 3

2.0 -12.5 6.59 - 6.07 6.44 3

1.5 - 2.0 7.11 - 6.07 11.06 3

Sum 54.35 mb/sr t 3%

Integrated 683 mb ± 8.8%
(4w x sum)
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TABLE 19

ALUMINUM

Inelastic Scattering of 11.0 MeV Neutrons
0 %lab = 70o0

En E ex da(e)/dQ Error

(MeV) (MeV) (mb/sr) (+ %)

2.209

2.732
10.72 3

2.980

3.00

6.0 - 7.0 4.58 - 3.56 2.24 8

5.0 - 6.0 5.60 - 4.58 4.75 4

4.0 - 5.0 6.61 - 5.60 6.67 3

3.5 - 4.0 7.12 - 6.61 5.55 2

3.0 - 3.5 7.63 - 7.12 7.41 2

2.5 - 3.0 8.13 - 7.63 7.64 2

2.0 - 2.5 8.64 - 8.13 8.19 3

1.5 -- 2.0 9.14 - 8.64 6.07 5

Sum 59.24 mb/sr + 3%

Integrated 744 mb ± 8.8%

(47 x sum)
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TABLE 20

SILICON

Inelastic Scattering of 9.0 MeV Neutrons

S1ab = 90°

Eex do(e)/df Error

(14eV) (mb/sr) (_ %)

1.779 17.5 2

4.617

4.975 9.39 3

6.276 6.22 5

6.69 2.98 6

6.878

6.889 11.90 6

7.38

7.416 8.18 6

Sum 56.17 mb/sr _ 4%

Integrated 706 mb ± 9.1%
(4r x sum)
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TABLE 21

SILICON

Inelastic Scattering of 11.0 MeV Neutrons

0lab = 700

Eex dof(l)/dý2 Error

(MeV) (mb/sr) (+ %)

1.779 12.68 2

4.617
4.975 } 5.51 4

6.276 3.51 4

6.878

6.889 9.18 3

7.38

7.416 6.91 3

7.798

7.935 } 7.17 3

Sum 44.96 mb/sr ± 3%

Integrated 565 mb t 8.8%

(47r x sum)
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TABLE 22

CALCIUM

Inelastic Scattering of 9.0 MeV Neutrons

lab '= 900

Ent E ex do(e)/dO Error

(MeV) (MeV) (mb/sr) (+ %)

3.351

3.734
8.45 6

3.903

4.487

3.5 - 3.8 5.18 - 4.88 1.31 12

3.0 - 3.5 5.70 - 5.18 3.17 7

2.5 - 3.0 6.21 - 5.70 2.74 8

2.0 - 2.5 6.72 - 6,21 5.21 6

1.5 - 2.0 7.23 - 3.72 5.44 7

Sum 26.32 mb/sr _ 6%

Integrated 331 mb + 10%

(4w, x sum)



TABLE 23

CALCIUM

Inelastic Scattering of 11.0 MeV Neutrons
Slab 

= 700

En Eex doy(8)/dQ Error

(MeV) (MeV) (mb/sr) (_ %)

3.351

3.734
10.70 5

3.903

4.487

5.0 - 5.8 5.73 - 4.92 2.61 13

4.5 - 5.0 6.23 - 5.73 1.57 12

4.0 - 4.5 6.74 - 6.23 3.61 6

3.5 - 4.0 7.24 - 6.74 4.27 5

3.0 - 3.5 7.74 - 7.24 6.06 4

2.5 - 3.0 8.25 - 7.74 6.66 5

2,0 - 2.5 8.75 - 8.25 9.04 4

1.5 - 2.0 9.26 - 8.75 13.71 4

Sum 58.23 mb/sr ± 5%

Integrated 732 mb ± 10%

(47, x sum)
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TABLE 24

IRON

Inelastic Scattering of 9.0 MeV Neutrons

S1 ab =900

E do (0)/d• Error

(MeV) (MeV) (mb/sr) (± %)

7.85 0.845 6.0 20

6.0 - 7.2 2.73 - 1.49 4.04 8

5.5 - 6.0 3.24 - 2.73 3.65 3

5.0 - 5.5 3.75 - 3.24 3.24 3

4.5 - 5.0 4.26 - 3.75 4.12 2

4.0 - 4.5 4.77 - 4.26 6.12 2

3.5 - 4.0 5.27 - 4.77 7.08 2

3.0 - 3.5 5.78 - 5.27 8.66 2

2.5 - 3.0 6.29 - 5.78 11.23 2

2.0 - 2.5 6.8u - 6.29 14.05 2

1.5 - 2.0 7.31 - 6.80 17.91 2

Total 
86.10 mb/sr ± 3.6%

Integrated 
1082 mb ± 8.9%

(47 x total)
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TABLE 25

IRON

Inelastic Scattering of 11.0 MeV Neutrons

Slab =700

Eno Eex dd (e)/dO Error

(MeV) (MeV) (mb/sr) (- %)

10.6 .845 6.0 17

8.7 2.084 1.52 14

7.0 - 8.5 3.57 - 2.27 4.50 7

6.5 - 7.0 3.78 - 3.57 1.37 9

6.0 - 6.5 4.79 - 3.78 2.31 6

5.5 - 6.0 5.30 - 4.79 3.37 4

5.0 - 5.5 5.80 - 5.30 2.A2 4

4.5 - 5.0 6.31 - 5.80 4.13 3

4.0 - 4.5 6.81 - 6.31 4.62 3

3.5 - 4.0 7.31 - 6.83. 6.35 2

3.0 - 3.5 7.82 - 7.31 8.21 2

2.5 - 3.0 8.23 - 7.82 10.62 2

2.0 - 2.5 8.82 - 8.23 14.08 2

1.5 - 2.0 9.32 - 8.32 14.56 2

Total 
83.92 mb/sr - 4%

Integrated 1055 mb ± 9.1%

(4W x total)
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TABLE 26

NITROGEN

Gamma-Ray Production Cross Sections for 11 MeV Neutrons

E do (55°)/dS2 y ray

(MeV) (mb/sr) ± 20% origin

2.3J 2.71 14N

2.5 - 3.0 .63

3.0 - 3.5 .94

3.5 - 4.0 1.90 13C

4.46 5.83 lIB

5.1 4.29 14N

5.4 - 6.0 1.69

6.0 - 6.5 3.12

6.5 - 7.0 5.62

7.0 - 7.5 3.12

7.5 - 7.75 0.37

Total 30.22 mb/sr _ 20%

Integrated 380 mb ± 20%

(4r x total)
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TABLr 27

OXYGEN

Gamma-Ray Production Cross Sections for 11 MeV Neutrons

E dc(55°)/dQ y rayY
(MeV) (mb/sr) ± 20% origin

3.68 3 4.22 13C
3.86

6.13 6.85 160

6.92 } 8.47 160
7.12

Total 19.54 nm/sr ± 20%

Integrated 246 mb _ 20%

(4n x total)
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TABLE 28

ALUMINUM

Ganmia-Ray Production Cross Sections for 9,0 MeV Neutrons

Ey doa(550 )/d&2 , ray
(MeV) (mbisr) ± 20% origin

1,72 6.99 2 7 Al

1.9 - 2.1 1.59

2.209 21.12 2 7 A1

2.4 - 2.8 6.13

2.98 13.97 2 7Al

3.00

3.15 - 3.5 3.17

3.5 - 4.0 3.22

4.0 - 4.5 3.73

4.5 - 5.0 3.96

5.0 - 5.5 4.59

5.5 - 6.0 3.22

6.0 - 6.5 2.61

6.5 -7.0 1.89

Total 76.19 mb/sr ± 20%

Integrated 957 rnb ± 20%

(47 x total)
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TABLE 29

ALUMINUM

Gamma-Ray Production Cross Sections fo_ 11.0 MeV Neutrons

0i

E dc (55°)/dsl y ray

(WeV) (mb/sr) ± 20% origin

1.5 - 2.0 6.52

2.209 8.89 2 7 Al

2.4 - 2.8 2.52

2.98

3.00 9.84 
2 7 Al

3.2 - 3.5 1.36

3.5 - 4.0 2,74

4.0 - 4.5 3.61

4.5 - 5.0 3.16

5.0 - 5.5 3.48

5.5 - 6.0 3.15

6.0 - 6.5 2.50

6.5- 7.0 2.60

7.0 - 7.5 2.41

Total 52.78 mb/sr + 20%

Integrated 663 mb ± 20%

(47r x total)
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TABLE 30

CALCIdM

Gawma-Ray Production Cross Sections for 9.0 MeV Neutrons

E da (55 0 )/d•l y ray

(MeV) (mnb/sr) ± 20% origin

1.25 - 1.5 10.69 Ca + Ar

1.5 - 2.0 14.69 Ca + 3 7 Ar

2.0 - 2.5 22.57

2.5 - 3.0 13.55

3.0 3.5 11.86

3.73 40
3 26.36 Ca

3.90

4.2 - 4.5, 1.91

4.5 5.0 2.46

5.0 -5.5 3.26

5.5 - b.6 1.90

'6.0 - 6.5 1.19

6.5 - 7 0 1.52

7.0 - 7.5 1.05

Total 113.01 mb/sr - 20%

Integrated 1420 mb ± 20%

(4n x total)
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TABLE 31

CALCIUM

Gamma-Ray Production Cross Section for 11.0 MeV Neutrons

E 
do(55°)/dS1 

y ray

(MeV) (mb/sr) t 20% origin

2.25 - 2.5 
7.48

2.5 - 3.0 13.90

3.0 - 3.5 15.95

3.73 3 .940 Ca

3.0} 
33.09 ~c

3.90

4.2 - 4.5 
2.98

4.5 - 5.0 
7.25

5.0 - 5.5 
4.00

5.5 - 6.0 
3.65

6.0 - 6.5 
3.81

6.5 - 7.0 
2.29

7.0 - 7.5 
3.72

Totil 
98.12 mb/sr ± 20%

integrated 
1233 mb - 20%

(471 x total)
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TABLE 32

IRON

Ganma-Ray Production Cross Sectians for 9.0 MeV Nei .:ons

E da(55°)/dQ y ray

(MeV) (mb/sr) ± 20% )Y:igin

1.5 - 2.0 26.23

2.0 - 2.5 20.39

2.5 - 3.0 19,41

3.0 - 3.5 13.16

3.5 - 4.0 15.48

4.0 - 4.5 7.46

4.5 - 5.0 4.96

5.0 - 5.5 3.85

5.5 - 6.0 3.85

6.0 - 6.5 3.65

6.5 - 7.0 3.29

7.0 - 7.5 3.31

Total 125.04 irb/sr ± 20%

Integrated 1570 mb ± 20%

(4rr x total)
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APPENDIX

ERRATA FOR REPORT DASA-2333

The document DASA-2333, entitled "Neutron-Inauceýd Gamma-

Ray Production Cross Sections For Silicon And Tungsten", was pre-

pared as an interim report of tiie initial phase of the research

accomplished under the current program. Subsequent to the publi-

cation of this report, an error was discovered in the determination

of the incident neutron flux for a portion of the data reported in

the subject document. The rectification of this error has resulted

in the reduction, by approximately 18%, of all cross sections

reported at En = 8.0, 9.0, 10.0, and 11.0 MeV. No correction is

required for the En = 5.0 MeV data. To obtain the corrected cross

sections, it is necessary to multiply ali entries in Table 7

(page 55) and Table 13 (page 91) by 0.833, with the exception of

those entries under the column headed E = 5.0 MeV. In addition,

the graphic displays of the data require a 17.7% (x 0.833) re-

duction of the data obtained at 8.0 to 11.0 MeV. Those figures

requiring modification are found on the following pages: Figures

19-33 on pages 69-82, Figures 38-41 on pages 93-96, and Figure 42

on page 98. For convenience, corrected Tables 7 ani 13 are repro-

duced on the following pages.
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Lxvcrilmental Diffezential Closu S.cticns for Gan.'a Rays irom n itsn,G')

E.~c) 5.00!0.10 8.00-0.15 9. oO±O.15 10.00!0.15 ii.00±0.15. -

E (MoV)

Discrete (a)

0.390 0.8±0.1 0.8!0.3 1.2-o.2 0.9:0.2
0.399 0.6±0.1 0.3±0.1 1
0.585 3.1±0.4 3.2±0.4 3.340.4 2.540.3

0.759 0.3-0.1
0.856 0.3+0.1 0.6±0.2 0.7±0.2

0.942 1.7±0.3 0.8.0.2 1.0!0.2 0.9-0.2

(0.98) (b) 3.4±0.4 3.1±0.4 2.6!0.3 3.5±0.4

1.037 0.6±0.2
1.010 1.5t±0.3 0.8±0.2 0.7±0.2 0.6±0.3

1.113 0.9±0.3 0.5!0.2 0.3±0.i 0.6-0.3
(1.27) 1.5±0.2 2.2±0.4 1.5±0.3 1.4±0.3 1.7±0.3
1.341 0.8±0.3 0.7±0.2 0.5!0.2 1.210.3
1.380 0.8•-0.2 1.1"-0.3 1.0t0.3

(I .53) (c) 2.7,+1.2 1.8 t0.8 2.8* . 1. 8± 0. 3
(1.59 2. .4 2.60.3 2.60.4 1.80.3
1 602 1.6±0.3

1614(c) 3.3±0.5 2.4-0.3 2.7!0.3 3.1±0.5

1.633 0.9±0.3 0.9±0.2 0.8t0.2 1.0±0.3
1 . 6 5 9 (d) 1.0±0.3 0.8±0.2 0.6-0.3 0.6±0.3
1.779 47.0t5.6 51.3±6.1 33.9t4.1 33.0±4.7 34.0-4.1
1.809 0.5!-0.2 0.5r0.2 0.3!0.1
1.963 0.3!0.2 0.6±0.2 3.8!0.3 0.6±0.3
2.032 1.0±0.2 1.8±0.3 0.8±0.3 1.0±0 2 1.4±0.3

2.203 0.6t0.2 1.610.'.3. I.80.3

2.232 1.3±0.2 2.0:0.3
(2.27) 1.5±0.3
2.427 0.5-0.1
2.838 ;.0±0.2 8.7±1.1 4.7±0.6 3.7±0.5 S.610.8
3.;1, 2.7A04 2.7±0.; 0. 0 .3 0.9!-0.3

4.497 3.6±0.6 3.2±0.5 2.5±0.4 1.9±0.4
4.911 1.7±0.6 1.4±0.3

(5.10) 4.9±0.8 4.5±0.8 4.4±0.7 3.7±0.5
(5.60) 0.6!0.3 1.2!0.3 1.8±0.4 1.2!0.5
6.002 0.5:0.3
6.019 0.5±0.3
6.878 2.0±0.3 2.9±0.4 3.6±0.5 4.1!0.6

(7.40) 1.1±0.2 1.8!0.3 2.5±0.3 2.4±0.3
7.935 0.800.2 0.970.2 1.4±0.3

(8.30) 0.5±0.1 0.7±0.2
8.941 0.4±0.1 0.8i0.2
9.49 0.8-0.2
Total

Discrete 3.26.4 2.:.4 79. 2. 89.3!13.4

SLrrtvsolvcd#
Continuum' 8.8±1 .3 17.7!2.7 24.1±3.6 386±*65.8

Total 1el 0Product 53.2-4 t15.517.3 100.6-15.103.9±15.6 127.9±19.2

(a) Obtained for the most part with a Ge(lI,) detector.

(b) Gama-ray energies in parentheses are average values for a group

of unresolved lines.

The 1.614 mck" varnma ray and thu croup at 1.59 McV tray cortain
a small contri!,ution from the unresolvable 1.602 MeV gammira ray

at neutron enfergies of 8.0, 9.0 and 10.0 YieV.
(d) The 1.779 MeV ganmna ray rraý contain minor contributions from

the aniesolved 1.763 and 1.796 MeV gamra rays. No reai evidence
of these q immd rayr could be seern.

(i) ThQ total producticr CLoss section wds obtained by adoing the

cro',s stions mvt-,uicd with tne G(Iiý detector for t)- discrete
ý.390 :,' 0.39n Mol, ,•rJlr a ray., to te rolta, eron. se,'tion for

gdqa r ,•y . 0.o O .Y -I|.0 NeV mea ,ureJ with ±ne N,0(71) detector.
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Tabl.e ]3

Experimental Differential Cross Secrions for Gamima Rays
natfrom Wa(n,Gy)

ao() (mb/sr)
1n(MeV) 5.0 9.0 10.0 11.0

(MV) 50 0. 0 0~~
550 (a) J.25° 1250 1250

E (MeV)

0.75-1.00 93.2 106.0 134.4 171.4 203.0
±12.5 ±15.9 ±20.2 ±25.7 ±30.4

3.00-1.25 63.0 75.7 94.9 100.8 110.1
±9.5 ±11.4 +14.2 ±15.1 ±16.5

1.25-1.50 48.2 60.8 63.7 67.9 61.0
± ±7.2 ±9.1 ±9.6 ±10.2 ±9.2

1.50-1.75 35.3 43.1 141.7 34.9 47.1

S±5.3 ±6.5 -6.3 ±5.2 ±7.1
1.75-2.00 32.8 37.0 37.3 28.9 2S.0

±4.9 ±5.-6 ±5.6 ±4.3 ±4.2

2:.0-2.5 60.5 70.5 60.9 38.7 30.6
i9.1 ±10.6 ±9.1 ±5.8 ±4.6

2.5-3.0 44.4 52.7 43.0 25.1 1.4.4
i8.0 ±9.5 i7.7 ±A.5 _±2.4

3.0--3.5 25.5 32.8 26.3 15.4 9.6
i4.6 ±5.9 z4.7 ±2.3 ±1.,5

3.5-4.0 13.7 23.9 17.5 10.6 6.2
±2.5 ±4.3 -3.2 --I.6 ±1.0

4.0-4.5 7.7 15.2 10.5 6.9 3.4
±1.4 ±2.7 -1.9 ±1.! ± 0.5

4.5-5.0 1.5 8.2 6.5 4.4 2.].
±0.4 +' 2.0 ±l. 6 -0.9 ±0.6

5.0-5.5 4.7 3.5 2.5 0.5
-1.6 ±1.2 ±01 b 40.5

5.5-6.0 3.2 2.4 2.2 0.5
±1.1 ±0.9 ±0. ±0.3

6.0-6.5 1.0 1.6 0.2
+-0.5 ±9.7 ±0.2

(a)Averagu of t•o 900 and one 1250 runs,
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